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Viable stretchable plasmonics based on
unidirectional nanoprisms†
Ji-Eun Lee, a Choojin Park, b Kyungwha Chung, a Ju Won Lim, a
Filipe Marques Mota, a Unyong Jeong *c and Dong Ha Kim *a
Well-deﬁned ordered arrays of plasmonic nanostructures were fabricated on stretchable substrates and
tunable plasmon-coupling-based sensing properties were comprehensively demonstrated upon exten-
sion and contraction. Regular nanoprism patterns consisting of Ag, Au and Ag/Au bilayers were con-
structed on the stretchable polydimethylsiloxane substrate. The nanoprisms had the same orientation
over the entire substrate (3 × 3 cm2) via metal deposition on a single-crystal microparticle monolayer
assembly. The plasmonic sensor based on the Ag/Au bilayer showed a 6-fold enhanced surface enhanced
Raman scattering signal under 20% uniaxial extension, whereas a 3-fold increase was observed upon 6%
contraction, compared with the Au nanoprism arrays. The sensory behaviors were corroborated by ﬁnite-
diﬀerence time-domain simulation, demonstrating the tunable electromagnetic ﬁeld enhancement eﬀect
via the localized surface plasmon resonance coupling. The advanced ﬂexible plasmonic-coupling-based
devices with tunable and quantiﬁable performance herein suggested are expected to unlock promising
potential in practical bio-sensing, biotechnological applications and optical devices.
Introduction
Surface plasmon resonance (SPR) is a unique phenomenon
observed at the interface of two media with dielectric con-
stants of opposite signs, which constitutes electromagnetic
waves coupled to the collective oscillations of free conductive
electrons on a noble metal thin film or nanoparticle surface.
Localized SPR (LSPR) occurs at the surface of nanostructured
noble metals with higher curvature and dielectric materials at
a resonant frequency, resulting in a strong local electromag-
netic field.1–5 Such structures and properties have already been
a prime concern and exploited for biological and optical
sensing,6–10 photocatalysis11,12 and various photovoltaic
devices.13–16
Recently, increasing attention has been paid to explore
unique plasmonic properties on stretchable substrates.17–23
Representatively, researchers have investigated sensory beha-
viors using plasmonic nanostructures on flexible substrates.
Kim et al. fabricated meta-materials consisting of period- and
symmetry-tunable self-assembled nanopatterns using block-
copolymer lithography onto poly(dimethyl siloxane) (PDMS)
films. The precise inter-distance manipulation of the patterns
by inhomogeneous thermal shrinkage was monitored follow-
ing the refractive index of the resulting metamaterials, essen-
tial for an eﬀective enhancement of refractive index.21 Aksu
et al. reported the development of high-quality bow tie anten-
nas based on high-resolution nanostencil lithography on a
PDMS substrate. The optical responses of the antenna arrays
were shown to be tuned by the mechanical stretching of the
stretchable substrate. The meta-structures were shown to be
highly durable, with the stretchable nature of the selected sub-
strate desirable for active tuning of plasmonic resonances.17
Details of the growing process of gold nanoparticles (AuNPs)
onto the PDMS template were later provided by Cataldi et al.19
The synergy between the controlled growth of AuNPs and the
mechanical strain was claimed to lead to a drastic shift of the
plasmon band accompanied by a color change of the sample.
However, so far the plasmonic nanostructures on stretch-
able substrates have been fabricated by complicated pro-
cedures and the directional arrangement of the structures was
ordered in a short distance, being random over a large
area.18–20 It is noted that any properties obtained from ran-
domly arranged plasmonic nanostructures may lack reproduci-
bility because the apparent strain applied on the substrate
should cause diﬀerent local geometrical changes according to
the local orientations of the nanostructures. This non-uniform†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr08299a
aDepartment of Chemistry and Nano Science, Division of Molecular Life and
Chemical Sciences, College of Natural Sciences, Ewha Womans University, 52,
Ewhayeodae-Gil, Seodaemun-Gu, Seoul 03760, Korea. E-mail: dhkim@ewha.ac.kr
bDepartment of Materials Science and Engineering, Yonsei University, 50 Yonsei-ro
Seodaemun-gu, Seoul, 03722, Korea
cDepartment of Materials Science and Engineering, Pohang University of Science and
Technology, 77 Cheongam-Ro, Nam-Gu, Pohang, Gyungbuk 37673, Korea.
E-mail: ujeong@postech.ac.kr
This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 4105–4112 | 4105
Pu
bl
ish
ed
 o
n 
19
 Ja
nu
ar
y 
20
18
. D
ow
nl
oa
de
d 
by
 P
O
ST
EC
H
 L
ib
ra
ry
 o
n 
6/
10
/2
01
9 
6:
24
:1
8 
A
M
. 
View Article Online
View Journal  | View Issue
strain would intervene in the correct understanding of the
eﬀect of geometrical change of the nanostructures on the plas-
monic properties. Thus, it is a valuable task to develop viable
stretchable plasmonic systems in which the plasmonic-coup-
ling properties are tailored identically in the entire range of
the substrate. Herein, we demonstrated tunable surface
enhanced Raman scattering (SERS) activities based on plasmo-
nic-coupling in well-defined and highly oriented periodic
metal nanoprisms on stretchable substrates. SERS signals were
then systematically investigated using composition-controlled
metal nanoprism arrays under uniaxial elongation and
compression.
Experimental section
Materials
Anhydrous ethanol was purchased from DAE JUNG chemicals
and styrene, polyvinylpyrrolidone (PVP, Mw 55 000), and azobi-
sisobutyronitrile (AIBN) were purchased from Sigma-Aldrich.
Polydimethylsiloxane kit (Pre-polymer and crosslinker, Sylgard
184) was purchased from Dow Corning.
Preparation of polystyrene particles
Polystyrene (PS) beads were synthesized by controlled dis-
persion polymerization. After purging the stabilized anhydrous
ethanol and PVP (0.98 g, 1.2 mM) under an Ar gas flow for
30 min at 70 °C, AIBN (0.0312 g) initiator was added, followed
by quick injection of purified styrene monomers (3.4 mL, 1 M)
which had been filtered with alumina. After polymerization
with homogeneous stirring at 70 °C for 20 h, PS beads with an
average diameter of about 1 μm were obtained. The particles
were centrifuged and washed three times and then dried in a
vacuum chamber at room temperature for 12 h.
Preparation of PS monolayer on PDMS substrate
A thin and thick PDMS substrate (∼0.3 mm thickness and
∼6 mm thickness) was prepared by mixing a prepolymer with
a curing agent (Sylgard 184, Dow Corning) in a 10 : 1 weight
ratio at room temperature. The Si-wafer was coated with PDMS
by spin-coating at 500 rpm for 10 s and then cured at 70 °C for
5 h. The rubber-coated Si substrate was fixed on a stage. After
placing PS particle powder, the bottom PDMS substrate was
covered by the rubbing process. A PS monolayer array of dia-
meter 1 μm was formed on the PDMS substrate.
Preparation of metal nanoprism arrays
The metal nanostructures were prepared by depositing a
100 nm-thick metal film on the PS monolayer array by thermal
evaporation. Metal nanofilms were deposited using a
thermal evaporation system (GVEV7200-1206) from GV-Tech
Corporation at 0.1–0.2 Å s−1. Thus, a monolayer of the metal–
PS array was formed on the elastic PDMS substrate. The metal
film and PS monolayer were detached with scotch tape from
the metal–PS array.
FDTD simulation
Finite-diﬀerence time-domain (FDTD) simulation by the
Lumerical software was used for the calculation of the near-
field electromagnetic field distributions of metal nano-
structures arrays with a plane wave source at 633 nm. The
simulation domain for the z direction was used by a perfectly
matched layer (PML) to absorb all the field propagating to the
outer, while the x and y directions were periodic boundary con-
ditions to replicate the metal nanostructure array. The refrac-
tive indexes of Au and Ag were used from the data of Palik.
The size of mesh was 2 nm for all directions with a plane wave
input source of 200 to 1200 nm.
Instruments and characterization
Transmission electron microscopy (TEM) measurements were
carried out using a JEOL JSM2100-F microscope operated at 10
kV. UV–vis absorption spectra were recorded on a Varian
Technologies Cary 5000 with diﬀuse reflectance accessories
(DRA). The metal nanostructures were observed using a JEOL
JSM6700-F scanning electron microscope (SEM). Atomic force
microscopy (AFM) studies on the surface morphologies of the
metal nanostructure on the PDMS substrate were performed
with a Digital Instruments Dimension 3100 scanning force
microscope in tapping mode. Raman spectra were obtained
with a Raman Spectrometer from HORIBA Jobin Yvon at an
excitation wavelength of 633 nm and a Nikon microscope with
a ×50 objective lens and a numerical aperture (NA) of 0.75. The
acquisition and accumulation time of each spectrum were 10 s
and 5 s, respectively. The scan range was 200 to 2000 cm−1.
SERS substrates were cut into 3 × 3 cm2 pieces and incubated
in 1 mM p-aminothiolpheol (p-ATP) solutions and washed with
ethanol, prior to measurements. p-ATP was used as the SERS
probe with two critical Raman peaks at 1076 and 1140 cm−1.
Results and discussion
The overall procedure to demonstrate viable flexible plasmo-
nics is schematically illustrated in Fig. 1a. Regular metal nano-
patterns were constructed via colloidal lithography on a uni-
directional monolayer assembly of microparticles following the
procedure recently reported in our previous study.24 The
assembled monolayer allowed for simple and reproducible
deposition of metallic nanoprism arrays with the same direc-
tion over the entire substrate. Firstly, dried PS bead powders
were sandwiched in between two PDMS substrates and uniaxi-
ally rubbed with slight palm pressure, leading to hexagonally-
packed arrays of PS beads (Fig. S1†).24 Three diﬀerent types of
metal nanoprism arrays composed of a Ag, Au and Ag/Au
double layer were prepared by thermal vacuum evaporation
onto polystyrene (PS) bead monolayer arrays as model plasmo-
nic nanostructures. Then, the PS monolayer was detached
from the metal–PS array using scotch tape, leaving the metal
nanoprism arrays remaining on the PDMS substrate. The Ag,
Au and Ag/Au bilayer nanoprism arrays were subjected to two
strain components in extension and contraction states. The
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extension was performed with thinner PDMS substrates, while
the contraction was carried out with thicker PDMS substrates
to ensure the dimensional stability against rupture. p-ATP
was employed as the SERS reporter on metal nanoprism
surfaces.
The surface morphology of the Ag/Au bilayer nanoprisms
was characterized using SEM and AFM images as shown in
Fig. 1b–d. Regular and uniform metal nanopatterns were
obtained. Ag and Au were sequentially deposited on the micro-
particle monolayer assembly. The thickness of both Ag and Au
layers was 50 nm and the edge length was 250 nm. The change
in the morphology of metal nanopatterns was monitored upon
contraction and extension. The gap-distances between the metal
nanoprisms inthe extended and contracted states were
measured by optical microscopy imaging. The distances were
−100, 0, 209 and 555 nm at strains of −6, 0, 20 and 100%,
respectively (see the ESI in Fig. S2†). Dimensional characteriz-
ation of the nanoprisms of Ag and Au are provided in the ESI
(Fig. S3†). The thickness of the metal nanoprisms was measured
to be ∼100 nm, according to the cross-sectional profiles
obtained from the corresponding AFM images of selected areas.
The optical properties of a defined unit of the neighboring
nanostructures within a 4.9 μm2 surface area of the substrate
were assessed through the corresponding transmittance
spectra (Fig. S4†). The obtained spectra conspicuously yielded
strong absorption peaks within the 500–700 nm wavelength
range. The optical properties of the as-prepared metal nano-
prism arrays and those at diﬀerent extension ratios were
studied for Ag, Au and Ag/Au as shown in the UV-Vis absorp-
tion spectra (Fig. 2). Two main LSPR bands were observed at
λ = ∼413 and ∼910 nm in the absorption spectrum of Ag nano-
prism arrays in which the latter is ascribed to the coupling
band. Interestingly, the plasmon-coupling-induced band at
∼910 nm showed a red-shift behaviour (∼1011 nm) at the
extension ratio of 20%, and then it was blue-shifted to
∼971 nm concurrent with a decrease in intensity at the exten-
sion ratio of 100% (Fig. 2a). A similar trend was also observed
for the Au and Ag/Au prism arrays. The Au nanoprism arrays
showed characteristic absorption bands at λ = ∼629 and
∼910 nm. At the extension ratio of 20%, the plasmon band at
629 nm remained constant while a red-shift from ∼910 to
∼983 nm was observed (Fig. 2b) for the coupling band. For
further stretching at 100% extension ratio, this band was blue-
shifted at ∼917 nm with a decreased intensity.
In the case of the Ag/Au bilayer nanoprism arrays, three
absorbance bands were observed at λ = ∼419, ∼540 and
∼937 nm. The prepared Ag/Au bilayer nanoprism arrays are
expected to exhibit at least four absorbance peaks such as two
characteristic peaks of Ag and Au and two coupling bands. It is
assumed that the Au coupling band was observed as a
shoulder peak, hidden behind the Ag coupling band. Upon
extension of the Ag/Au bilayer nanoprism arrays by ∼20%, the
band position changed from ∼937 to ∼1001 nm. After further
stretching, the absorption band was blue-shifted to ∼913 nm.
Absorbance bands at λ = ∼418, ∼533, ∼913 and ∼1001 nm
were ascribed to the plasmon properties of Ag and Au and the
corresponding Ag and Au of the neighbouring nanostructures
at an extension ratio of 100%, respectively (Fig. 2c).
Fig. 1 Schematic diagram for the stepwise fabrication procedure of metal nanostructure arrays on stretchable PDMS substrates and for extension/
contraction on the thin and thick PDMS ﬁlms (a). Optical microscopy image (b), SEM image (c) and cross-sectional AFM proﬁle (d) for the mor-
phology of Ag/Au bilayers on stretchable PDMS substrates. The inset in (d) is a height contrast AFM image.
Nanoscale Paper
This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 4105–4112 | 4107
Pu
bl
ish
ed
 o
n 
19
 Ja
nu
ar
y 
20
18
. D
ow
nl
oa
de
d 
by
 P
O
ST
EC
H
 L
ib
ra
ry
 o
n 
6/
10
/2
01
9 
6:
24
:1
8 
A
M
. 
View Article Online
Both Ag and Au nanoprism arrays exhibit two LSPR peaks in
the corresponding obtained spectra. The assignment of the
observed LSPR bands of both Ag and Au nanoprism arrays to
the quadrupolar and dipolar oscillations of the free electrons
followed previous literature reports.25 As the dipole resonance
is found to be very intense, and its peak wavelength is extre-
mely sensitive to the height, edge length, and tip sharpness of
the nanoprism, and the distance between structures, change in
the morphology of the rationally designed nanoprisms was pre-
viously observed to lead to a change in the LSPR band ascribed
to the dipolar plasmon mode. In contrast, the intensity of the
quadrupole resonance was found to be much weaker relative to
the dipole resonance in the single particles spectra than in the
ensemble averaged spectrum, in accordance with our obser-
vations. While presumed to overlap with the dipolar oscillation
band, the Bragg diﬀraction mode expected to be observed at
910 nm emerges from the hierarchical arrangement of nano-
prism arrays. Upon mechanical manipulation within the evalu-
ated extension range, the architectural order was preserved.
However, as neighbouring nanoprisms are distantiated, a
shift in the Bragg diﬀraction mode is to be expected. With a
continuous strain increase, the dipolar resonance was continu-
ously skewed toward higher wavelength ranges.26,27 Conversely,
the quadrupolar resonance showed a relatively similar band
position within the evaluated range in accordance with the
fact that the latter has been shown to respond to local refrac-
tive index changes.28,29 At the highest strain levels, both
dipolar resonance and diﬀraction peaks are observed at longer
wavelengths up to ca. 1100 nm.
In the case of Ag, the two main LSPR bands observed at
λ = ∼413 and ∼910 nm were ascribed to the occurrence of
quadrupolar and dipolar oscillations of the free electrons at
the nanoprisms with diﬀraction mode, respectively. Similarly,
both bands were observed at λ = ∼629 and ∼910 nm for the
Au nanopattern. For the Ag/Au bilayer arrays, all LSPR bands
were observed at the four positions previously mentioned.
The modes were confirmed to be dependent on the individual
distance between metal nanoprisms. The red-shift and sub-
sequent blue-shift behaviours upon ∼20% and ∼100% exten-
sions, respectively, observed from all the three diﬀerent types
of metal nanopatterns, can be interpreted as follows. Upon
extension of the periodic prism arrays, an increase of the
average distance between neighbouring prisms was in fact
accompanied by an eventual decrease of the distance along
the perpendicular direction to which the stress was applied.
Most importantly, upon a ∼20% extension for example, only a
minor change less than 1% in the perpendicular direction
could be found as is evidenced in the representative optical
images of these metal nanoprisms (Fig. S2†). Only upon a
∼100% extension could the variation in the distance of the
nanoprisms be noticeable. Such a complex deformation
behaviour is assumed to aﬀect the plasmonic coupling
phenomenon. Based on the observed experimental results, it
is assumed that the latter eﬀect was dominant at 20% exten-
sion. On the contrary, the absolute distance between neigh-
bouring prisms becomes suﬃciently large, leading to the
blue-shift of the overall LSPR properties. In order to investi-
gate the correlation between the structural alteration and
LSPR behaviour more rigorously, reflectance spectra of Ag, Au
and Ag/Au bilayer nanoprism arrays at diﬀerent extension
ratios were also studied (Fig. S5†). The reflectance spectra of
metal nanoprisms at contraction ratios of 0% and −6% were
obtained (Fig. S6†). The Ag/Au bilayer spectrum unveiled the
combined features of the two metal components, with an
overall lower peak intensity compared with Ag and Au
nanoprism arrays in the evaluated wavelength range. The Ag/
Au bilayer nanoprism arrays were therefore concluded to
possess superior transmission and absorption properties
compared to individually evaluated Ag and Au nanoprism
arrays.25 In addition, the orientations of the metal nanoprism
arrays are equivalent in both extension and contraction along
the two directions, according to the designed geometrical
configuration of arrays of paired prisms. Along the polariz-
ation dependent directions during extension and contraction,
the resulting optical properties are the averaged result at a
large scale of extension/contraction in two mutually ortho-
gonal directions. In this context, the orientations of the metal
nanoprism arrays are equivalent in both extension and con-
traction along the two directions. Also, the polarization
dependent resonances represent the same properties at
various aspects of any strength positions.
We have then investigated the SERS spectra obtained from
three types of metal nanoprism arrays on thin and thick PDMS
substrates upon excitation and contraction with a 633 nm
laser. A reference SERS spectrum of p-ATP molecules on a
Fig. 2 UV-Vis spectra of metal nanoprism arrays observed at diﬀerent
extension ratios obtained from (a) Ag nanoprism arrays, (b) Au nanoprism
arrays, and (c) Ag/Au bilayer nanoprism arrays.
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PDMS substrate in the absence of metal nanoprism arrays is
depicted in Fig. S7.† The five bands at 431, 708, 1 655, 1699
and 1760 cm−1 were attributed to the stretching and vibration
modes of PDMS, whereas no Raman signals were observed
from the p-ATP molecules. Fig. 3 shows the SERS spectra of
p-ATP molecules assembled on the metal nanoprism arrays by
covalent binding upon extension and contraction, respectively.
All the spectra exhibit five peaks at 1076 cm−1, 1140 cm−1,
1181 cm−1, 1383 cm−1 and 1436 cm−1, corresponding to the
vibrational mode of C–S, C–H stretching of b2 mode, C–H
bending mode of a1 mode, C–C bending of b2 mode and C–C
stretching of b2 mode, respectively. In addition, the Raman
signals of two b2 modes at 1383 and 1436 cm
−1 were observed,
corresponding to NvN stretching, which can be ascribed to
the oxidative transformation of p-ATP to DMAB.19,30
Consequently, strong peak intensities at 1076 cm−1 and
1140 cm−1 were selected to observe the enhancement of
Raman signal.
The SERS intensity of p-ATP onto metal prisms at
1076 cm−1 obtained from Ag, Au and Ag/Au bilayer nanopr-
isms was 60 000, 10 000 and 45 000 counts, respectively. Using
the same conditions, the SERS signal at 1140 cm−1 from Ag,
Au and Ag/Au bilayer nanoprisms was 58 000, 7000 and 50 000
counts, respectively. At the extension ratio of 20%, the Raman
signal of Ag nanoprisms strongly increased with the increasing
gap-distance between the Ag nanoprisms, the mechanism of
which needs to be clarified further. It was observed that the
overall SERS signal from Ag nanoprisms was stronger than
that from Au because Ag has a larger scattering cross section
than Au.31 Au and Ag/Au bilayer nanoprisms showed a slight
decrease in SERS intensity distributions at the extension state
of 20%. At the extension of 100%, the SERS intensity of Ag, Au
and Ag/Au bilayer nanoprisms at 1076 cm−1 and 1140 cm−1was
substantially decreased (Fig. 3a–c). Fig. 3d–f show the Raman
signal of metal nanoprism arrays at 0 and −6% contraction
states. The intensity of the SERS signal at 1076 cm−1 obtained
from all metal nanoprism arrays at −6% contraction is greater
than that at 0% strain due to the decreased gap-distance
between the metal nanoprisms. The SERS peak at 1140 cm−1
in the contraction of −6% was observed to show a decrease in
SERS intensity compared to that at 0% strain in both Ag and
Ag/Au nanoprism arrays including the Ag material. In contrast,
the SERS peaks at 1176, 1383, and 1436 cm−1 were higher com-
pared to the initial state.
Fig. 3 SERS spectra with extension state and contraction state of −6, 0, 20 and 100%. (a) and (d) Ag, (b) and (e) Au, (c) and (f ) Ag/Au bilayer nano-
prism arrays on the PDMS substrate. Schematic of the change in the morphology of metal nanopatterns upon contraction and extension in the direc-
tion of force. Reference sample is compared in (c) and (f ), the SERS spectrum of the adsorbed p-ATP molecules on the PDMS without metal nano-
prism arrays.
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The measured reflectance spectra of all samples under
stress-free conditions and under extension and contraction
mechanical manipulation yielded characteristic absorption
bands in the 600–700 nm region. In agreement with previous
reports on two-dimensional substrates the found match
between the laser excitation wavelength λex and the absorption
range of each sample was considered suitable to dictate the
SERS enhancement herein evaluated.32 The enhancement of
the b2 mode with visible excitation was interpreted in terms of
a metal-to-molecule charge-transfer mechanism, which largely
depends on the energy of excitation lights. In addition, the
non-reactivity of p-ATP under a N2 atmosphere suggests that
the appearance of the Raman bands at 1383 and 1436 cm−1
should be due to the conversion of p-ATP to DMAB.30
Dimerization of p-ATP into DMAB is induced by eﬃcient
energy transfer from surface plasmon resonance to the surface
adsorbed p-ATP. From these results two main conclusions
could be drawn. Firstly, the intensity of the corresponding
SERS signal of the C–H bending and C–H stretching was
assumed to be a function of the orientation of the molecules
on the SERS substrate.
In addition, our results have shed light on the electromag-
netic eﬀect and charge transfer mechanism between the mole-
cules and metal. The enhancement of b2 modes of the
obtained Raman spectra was interpreted as a result of a metal-
to-molecule charge transfer mechanism, largely depending on
the energy of the selected excitation light.33–35
The above-described SERS results are summarized in Fig. 4.
In brief, the Ag nanoprisms showed higher Raman intensity
than Au and Ag/Au nanoprisms, while the result obtained
from the Au nanoprism was more reproducible than Ag and
Ag/Au bilayer nanoprisms at various strain ratios. Ag/Au
nanoprism arrays showed greater SERS activity than Au
nanoprism arrays and better reproducibility than Ag nano-
prism arrays. These results reflect the inherent better stability
of Au and higher extinction coeﬃcient of Ag. Conclusively, bi-
metallic Ag/Au nanoprisms may retain the combined synergy
of higher sensitivity of Ag and enhanced stability of Au, i.e.,
consistently exhibiting higher SERS enhancement factor and
better reproducibility than monometallic nanoprisms.
To support the experimental observations, the distribution
of hot-spots was investigated by finite-diﬀerence time-domain
(FDTD) simulation. Fig. 5 shows the electromagnetic near-field
distributions along the x and y directions with diﬀerent
nanoprism arrays and strain ratios simulated using a plane
wave source at 633 nm wavelength. Possible irregularities or
the presence of defects in our array were considered minor at a
large scale. Similarly, the use of PS beads with the same size
leading to diﬀerent nanoprism arrays with a varying gap-dis-
tance between the metal nanoprisms was considered uniform.
The assumptions have been reflected in the representative
SEM images, AFM images, and optical microscopy images
illustrating the quality of the arrays herein prepared. A varying
gap-distance between the metal nanoprisms resulted in
diﬀerent electromagnetic fields in each case. In particular, all
metal nanoprism arrays under stress-free conditions yielded
bands at 400–600 nm and 800–1000 nm wavelength (Fig. S8†).
As shown in the results, the most expected divergence between
the simulated and the prepared samples is the presence of the
PDMS substrate in the latter case. The optical properties of the
latter are not taken into account during the simulation, which
is expected to have an eﬀect on the entire range herein ana-
lyzed. In addition, the assembling of adjacent hetero-nano-
structures with diﬀerent characteristics, such as angular
momentum or line shape, is believed to result in strong inter-
actions additionally shown to be a function of inter-particle
distance. The interactions have been demonstrated to result in
energy shifts and avoided crossings of the plasmon modes as
the constituent nanoparticles coalesce into the dimer struc-
Fig. 4 SERS intensity of two critical Raman peaks at 1076 and
1140 cm−1 with extension (a, c) and contraction (b, d) states. Error bars
are standard deviations from independently measured results.
Fig. 5 The FDTD results of near ﬁeld electromagnetic ﬁeld distributions
with diﬀerent metal and strain components, respectively. Ag nanoprism
arrays (a) −6%, (d) 0% and (g) 20%; Au nanoprism arrays (b) −6%, (e) 0%
and (h) 20%; Ag/Au bilayer nanoprism arrays (c) −6%, (f ) 0% and (i) 20%
(plane wave source at 633 nm wavelength).
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ture.36,37 The simulated electromagnetic field distribution also
depends on the strain ratio and the type of metal. The
maximum |E/E0|
2 value for the three Ag, Au and Ag/Au nano-
prisms was measured to be 1 620, 278 and 545, respectively, at
the extension ratio of 0%.
Upon extension by 20%, the maximum |E/E0|
2 field distri-
butions of Ag, Au and Ag/Au bilayer nanoprisms were 2 970,
199 and 612, respectively, while at the contraction ratio of
−6%, the value was 162, 282 and 443, respectively. These
results are in accordance with the enhanced SERS activity for
each material.
In the contraction state of Ag nanoprism arrays, similarly
prominent hot-spots were observed at all vertexes of the nano-
structure, in the electromagnetic field distribution. The edge
area adjacent to the vertexes in this case was further confirmed
to show a stronger electromagnetic field than under other
strain conditions. Similarly, in the case of Au nanoprism
arrays, the hot-spot appeared at all vertexes at the 20 and 0%
extensions. However, Au exhibited remarkably lower electro-
magnetic field density than the Ag nanoprism arrays, corrobor-
ating the abovementioned SERS results. For the Ag/Au bilayer
nanoprism arrays intense hot-spots were produced by near
field coupling. In the case of 0% strain and 20% extension
ratio, a prominent hot-spot appeared at all vertexes in the elec-
tromagnetic field distribution. At the contraction ratio of −6%
and as observed with Ag, the intense hot-spots were further
observed in the edge areas adjacent to the vertexes of the nano-
structure. Detailed analysis on the field distributions reveals
three characteristics: (i) the electromagnetic enhancement is
highly localized at the vertices of the triangles, which is
evident from the field distribution of all the structures. (ii) The
highest electromagnetic enhancement is localized at the ver-
texes corresponding to the center of the ribbon nano-
structures. (iii) The electromagnetic field is the strongest for
the Ag nanoprism arrays at 20% extension, and is stronger
than that at 0% strain.
Conclusions
We have demonstrated tunable near field electromagnetic field
enhancement and viable plasmonic-coupling-based sensing
using highly oriented periodic Ag, Au and Ag/Au nanoprism
arrays with two-strain components on the PDMS substrate. It
was demonstrated that the extension and contraction of the
stretchable PDMS substrate can tune the plasmonic properties
to maximize SERS signals. We found that an optimized con-
figuration obtained from Ag/Au nanoprism arrays with a
specific distance and contraction ratio of −6% provided
enhanced SERS activity by 3-fold compared with the Au
nanoprism arrays. It was also confirmed that Ag/Au nanoprism
arrays showed better reproducibility than Ag nanoprism arrays.
Thus, the stimuli-responsive stretchable nanostructures with
SPR coupling-based tunability and function established in this
study can be explored for diverse advanced plasmonic-coup-
ling-based applications.
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